Background: Detailed cost estimates are not widely available for esophageal cancer.
The two most common histological subtypes of esophageal cancer are esophageal adenocarcinoma (EAC) and squamous cell carcinoma (ESC). EAC has surpassed ESC as the main subtype in the US, with the number of cumulative cases projected to double between 2011 and 2030 as compared to the prior 20-year period. 3 Although there has been an upward trend in overall survival due to advancements in treatment, the 5-year survival rate of esophageal cancer in the US remains low, at 19.9%, in part due to the fact that the disease is often diagnosed at later stages. 4, 5 As incidence climbs and most esophageal cancers continue to be diagnosed in the advanced stage, improvements in treatment options and early detection methods are urgently needed. Currently, curative treatment is possible only for patients whose cancer is locally advanced and resectable via esophagectomy, which can have a high rate of complications, particularly among patients with comorbidities, and leads to a decreased quality-of-life. [6] [7] [8] Minimally invasive esophagectomy (MIE) and endoscopic therapy are new and promising alternatives to open surgery, associated with lower complication rates, shorter hospital stays post surgery, and improved quality of life. [9] [10] [11] [12] Efforts to reduce esophageal cancer incidence have also assumed greater urgency. One such intervention, radiofrequency ablation, can eliminate Barret's esophagus and dysphagia, considerably lowering the risk of progression to EAC. 13, 14 As standard practice in esophageal cancer care shifts towards newer prevention strategies and treatment modalities, it becomes necessary to consider the trade-offs between the costs of these interventions and the potential survival benefits they provide. For accurate analyses, a better understanding of the costs of current esophageal cancer modalities is needed.
Costs of esophageal cancer care have previously been estimated using medical claims data. 15 However, while phase-specific cost estimates for esophageal cancer care are available in other countries, such as Canada, no comparable studies have been conducted, to our knowledge, in the US context. 16 In this study, we calculated esophageal cancer treatment costs using the Surveillance, Epidemiology, and End Results (SEER)-Medicare database for years 1998-2013, adjusted to US dollars in 2018. We estimated costs by age, year, histology, diagnosis stage, and treatment strategy for a Medicare population. Using these values, we analyzed trends and comparisons between different treatments and phases of care.
| MATERIALS AND METHODS

| Cohort inclusion and exclusion
We used the SEER-Medicare database to calculate costs of esophageal cancer care. SEER-Medicare is composed of two linked datasets: the SEER dataset of the National Cancer Institute (which collects demographic and clinical information from 18 registries across the US for persons with cancer, representing approximately 28% of the US population), 17 and
Medicare data (which includes health insurance enrollment information as well as outpatient, inpatient, and physician claims for 97% of the population age 65 and older). 18 There are four components of Medicare coverage. Hospital, skilled nursing, hospice, and some home health care services are covered under Medicare Part A. 96% of Part A beneficiaries are also enrolled in Medicare Part B, which covers physician and outpatient services. Claims data from Medicare Parts C and D are not included in our analysis. Approximately 95% of the SEER registry population aged 65 and older are linked with the Medicare enrollment file. 18 We used SEER-Medicare data from years 1998 to 2013 in the analysis and included patients aged 66 or older who were diagnosed with esophageal cancer between 2000 and 2011. We included patients who were diagnosed with EAC or ESC as their first and only cancer and were continuously enrolled in Medicare Parts A and B coverage from 15 months prior to cancer diagnosis until death or December 31, 2013. We defined histology using International Classification of Diseases for Oncology (ICD-O-3) codes (Appendix Table A1 ). Since Health Maintenance Organizations (HMOs) do not submit detailed claims, we excluded those patients who enrolled in an HMO at any time during this period.
We also excluded patients from the analysis if they received Medicare benefits because of end-stage renal disease or disability, if the month of cancer diagnosis was unknown, if diagnosis was made at autopsy only, or if the date of death recorded in the Medicare database differed from that recorded in the SEER database by more than 3 months. We defined stage using the sixth edition of the American Joint Committee on Cancer (AJCC) Cancer Staging Manual. For those patients diagnosed prior to 2004, we used the SEER variables for extension of disease and lymph node involvement to create the appropriate AJCC 6th edition stage. Patients who had an unknown stage were excluded from the analysis. Lastly, we excluded patients who had costs for claims with unknown dates and those with any costs post death.
| Matched control cohort
Our control subjects were beneficiaries from the random sample of 5% of all Medicare enrollees who were aged 65 years | TRAMONTANO eT Al and older, who were continuously enrolled in Medicare Part A and B through the study period, who were not enrolled in an HMO, and who had no cancer diagnosis. We matched this control cohort to esophageal cancer patients on an individual (1:1) level within each phase by 5-year age group, sex, and SEER registry region (Northeast, South, Midwest, West). 19 
| Treatment modalities
For patients diagnosed with stages I-III esophageal cancer, we defined treatment strategies based on treatment(s) initiated 2 months prior to cancer diagnosis through 6 months after diagnosis. We included the 2 months prior to the cancer diagnosis to account for any treatment given to a symptomatic esophageal cancer patient who had not been diagnosed, and to account for possible errors in dates recorded in the claims. For patients diagnosed with stage IV disease, treatment groups were defined by treatment(s) ever received. We defined best supportive care costs as expenses incurred by patients who were not actively treated with surgery, chemotherapy, or radiation. Patients remained in their respective stage, histology, and treatment group throughout the study. For example, a stage II EAC patient who received only surgery within the defined time remained in the surgery group for all phases. A full list of codes used to define surgery, chemotherapy, and radiation can be found in the Appendix Table A1 .
| Phases of care
We allocated each patient's costs into four separate phases of care-staging (or surgery), initial, continuing, and terminal, defined in terms of months, where "month" refers to a unit of 30 days, regardless of where it falls on the calendar.
19-21
Patients who did not receive surgical treatment during the defined time had a 1-month staging phase beginning on the date of diagnosis, during which the cancer stage was determined. While in practice it can take longer to determine the disease stage, here we define the phase length based on clinical practice at our institution. To isolate the cost of surgery from that of postoperative care, patients who received qualifying surgery (including local endoscopic therapy) were considered to have a 1-month surgery phase, beginning on the date of major surgery, instead of a staging phase. 20 Patients who died within 30 days of their surgery were defined as operative deaths. After the staging or surgery phase, patients had a 6-month initial phase, followed by a continuing phase varying in length between patients depending on survival time. Those patients who died on or before December 31, 2013 had a 6-month terminal phase ending on the date of death. 21 Those who survived past 2013 were not considered to have a terminal phase. We allocated costs first to the terminal phase, followed by the staging or surgery phase, the initial phase, and, lastly, the continuing phase, (for those patients who survived long enough to have had all four phases of care). Not all patients contributed to all phases of care, or the full length of phases. For example, a patient who died 10 months after their diagnosis would have 6 months in the terminal phase, 1 month in either the staging or surgery phase, only 3 months in the initial phase, and no continuing phase at all. Since noncancer control subjects did not have a cancer diagnosis date, they were randomly assigned a "pseudodiagnosis" date matching the diagnosis date of one of the esophageal cancer patients. 19 Each control patient was assigned to two phases of care-continuing and terminal. Since control patients are not on active cancer treatment, they were not assigned to an initial phase. The terminal phase was defined as the last six months of life, and the continuing phase was defined as the months between the "pseudodiagnosis" date and the start of the terminal phase. Control subjects in the continuing phase were matched to esophageal cancer patients in the initial phase and in the continuing phase. Health care costs are typically high during the end of life, regardless of cause of death. 22 To best reflect the costs attributed to cancer during the 6-month terminal phase, cancer patients who died of their cancer were matched to the continuing control subjects, while cancer patients who died from other causes were matched to the control subjects in the terminal phase. 
| Cost estimates
We calculated mean total monthly costs for each phase of care for esophageal cancer patients and for the noncancer control subjects. 19 Total costs were calculated as the sum of Medicare reimbursements (payments made from Medicare to the service provider), coinsurance reimbursements (payments made from a coinsurer to the service provider), and any copayments and deductibles billed to patients. We also determined patient-liability costs for each cancer patient, which is defined as the total health care costs that are the patient's responsibility, including copayments and deductibles. 20 Patient-liability costs may include costs paid by a purchased Medigap policy (insurance sold by private companies to help cover coinsurance, copayment, and deductible costs). 23 We calculated cancer-attributable costs within the initial, continuing, and terminal phases for each histology, stage, and treatment subgroups. Cancer-attributable costs were estimated by subtracting the matched noncancer patient's mean monthly total costs from the esophageal cancer patient's mean monthly total costs.
We converted payments to constant 2018 US dollars by adjusting Part A claims using the CMS Prospective Payment System Hospital Price Index and Part B claims using the Medicare economic index. 24, 25 We present all costs in inflation-adjusted US dollars.
| Statistical analysis
We calculated the monthly total, patient-liability, and cancer-attributable costs for each patient and reported the mean monthly estimates and 95% confidence intervals for each phase/AJCC stage/treatment subgroup for both EAC and ESC patients (historic stage is reported in Appendix A: Results). We fit linear regression models using log transformation to estimate the population mean costs. Separate models were fit to each phase, histological subtype, stage at diagnosis, and treatment modality. We only included treatment modality costs for stage/histological groups in which at least 10% of the patients received that treatment. Best supportive care costs are included for all groups. We included calendar year, age, and an interaction term (year × age) as independent terms in the models and used backwards stepwise selection until all terms were statistically significant at the α = 0.05 level. A full description of the model parameters and parameter estimates are reported in Appendix B: Parameters. The age variable for the models in the initial and continuing phases was set to the median age at diagnosis (68 years) and the year variable was set to 18 (calendar year 2018). 4 The median age at death (69 years) was used for cost estimates in the terminal phase. 4 All analyses were done using SAS 9.4 (Cary, NC). Institutional Review Board exemption was obtained from Massachusetts General Hospital to review previously collected data.
| RESULTS
| Patient cohort characteristics
We identified a total of 8061 esophageal cancer patients diagnosed from 2000 to 2011. An overview of their characteristics is in Table 1 . Nearly three-fourths (74.2%) were male and the median (25th, 75th percentile) age of diagnosis was 75 (70, 80). The majority of patients were White (85.3%). More patients were diagnosed with EAC (62.6%) than with ESC (37.4%). Approximately 23.4% of patients were diagnosed at stage I and 31.9% were diagnosed at stage IV. Among treatment strategies, the treatment with the highest number of patients was chemoradiation, which was received by 37.7% of patients. Only 19.2% of patients received surgery; 21.6% of patients received best supportive care.
Of the 7254 (90%) of patients who had died by the end of the study period, 5418 (74.7%) died of esophageal cancer, another 125 (1.7%) were operative deaths, and the remaining 1711 (23.6%) died of causes unrelated to cancer. Among all patients who died, the median (25th, 75th percentile) survival time was 8.1 months (3.5, 17.3). Among the patients who died from their cancer, the median (25th, 75th percentile) survival time was 7.5 months (3.4, 14.7). Approximately were 5.20, 18.66, and 4.90 months, respectively. Stage IV patients had mean lengths of 4.75, 13.91, and 4.19 months for the initial, continuing, and terminal phases, respectively.
| Mean overall and stage-specific costs
The mean overall and stage-specific costs (total, patient-liability, and cancer-attributable) by phase are reported in Table 2 . Mean (95% CI) monthly total cost estimates for esophageal cancer overall were $8953 ($8385 
| Total cost during the staging phase by treatment
The costs during the staging month for patients who received active treatment other than surgery are reported in Appendix  Table A2 for AJCC stage and Appendix Table A3 for historic stage. Among EAC patients, the mean (95% CI 
| Cancer-attributable costs of treatment during the initial phase
Costs estimates during the 6-month initial phase for stage and treatment subgroups are reported in Table 4 for AJCC stage and Appendix Table A4 for historic stage. Among EAC patients who received active treatment, the mean (95% CI) cancer-attributable monthly costs ranged from $2908 ($2188-$3628) for stage II patients who received surgery, chemotherapy, and radiation to $10 659 ($9743-$11 575) for stage III patients who received chemoradiation. Mean cancer-attributable costs in all stages were highest for patients who received chemoradiation. Cancer-attributable costs were generally unaffected by study period, and either were stable or decreased with increasing age. Mean (95% CI) patient-liability costs ranged from $454 ($342-$566) for stage I patients who received surgery to $1693 ($1603-$1873) for stage III patients who received chemoradiation. Overall trends were similar for ESC patients. The mean (95% CI) cancer-attributable monthly costs ranged $4097 ($2517-$5677) for stage IV patients who received chemotherapy to $12 842 ($7654-$18 029) for stage IV patients who received radiation. These costs generally remained stable, except for stage II chemoradiation costs, which increased over the study period. Mean (95% CI) patient-liability costs ranged from $443 ($218-$901) for stage I patients who received radiation to $1775 ($1646-$1905) for stage III patients who received chemoradiation.
| Cost by treatment modality during the continuing phase
Monthly treatment cost estimates during the continuing phase are shown in Table 5 for AJCC stage and Appendix Table A5 for historic stage. Overall, monthly costs were lower during the continuing phase than the initial phase. Mean (95% CI) monthly cancer-attributable costs among EAC patients who received active treatment ranged from $443 ($233-$653) for stage I patients who received surgery to $4090 ($3420-$4761) for stage IV patients who received chemoradiation. These costs remained stable in the linear regression models except for those of stage II patients who received surgery or chemoradiation, which decreased with increasing age, and those of stage II patients who received all three treatments, which increased over the study period and with increasing age. Patientliability costs (mean (95% CI)) ranged from $201 ($179-$223) for stage I patients who received surgery to $811 ($721-$901) for stage IV patients who received chemoradiation.
Mean (95% CI) monthly cancer-attributable costs among ESC patients who received active treatment ranged from $1453 ($786-$2120) for stage I patients who received radiation to $3624 ($2352-$4897) for stage IV patients who received chemotherapy. These costs were not affected by year or age.
| Terminal phase costs
Monthly treatment cost estimates during the 6-month terminal phase are shown in Table 6 for AJCC stage and Appendix Table A6 for historic stage. Among EAC patients, mean (95% CI) cancer-attributable costs ranged from $8505 ($7202-$9808) for stage I patients who received chemoradiation to $25 662 ($11 751-$39 573) for stage I patients who received surgery. The cancer-attributable costs were largely unaffected by year or age in the linear regression models. Mean (95% CI) patient-liability costs ranged from $1107 ($589-$1295) for stage II patients who received all three active treatments to $1576 ($1471-41 680) for stage IV patients who received radiation.
Among ESC patients, mean (95% CI) cancer-attributable costs ranged from $8821 ($6812-$10 831) for stage I patients who received radiation to $15 589 ($13 304-$17 874) for stage IV patients who received radiation. Costs were largely unaffected by year and either were stable or decreased with age in the linear regressions. Mean (95% CI) patient-liability costs ranged $1215 ($1092-$1338) for stage II patients who received chemoradiation to $1590 ($1410-$1768) for stage IV patients who received radiation.
| Cancer-attributable cost of best supportive care
Although patients who received best supportive care did not incur costs of actively treating cancer, we allocated their costs into the same phases to enable comparison across modalities. For EAC best supportive care patients, mean (95% CI) total costs during the staging phase ranged from $3974 ($2064-$5884) to $6920 ($3700-$10 171). The mean (95% CI) monthly cancer-attributable costs during the initial phase ranged from $947 ($114-$1780) to $1931 ($1366-$2495) and those during the continuing phase ranged from $529 (−$175 to $1234) to $1286 ($885-$1688). Mean (95% CI) monthly cancer-attributable costs during the terminal phase for patients receiving best supportive care ranged from $3323 ($1978-$4668) to $8980 ($7960-$10 000). Cancer-attributable costs were largely unaffected by year and age in the linear regression models, with the exception of stages III patients during the initial phase, where costs increased with year. Costs for ESC patients who received best supportive care overall were higher than EAC patients. The mean (95% CI) total costs for ESC best supportive care patients during the staging phase ranged from $3231 ($896-$5566) to $11 097 ($6761-$15 432). The mean (95% CI) monthly cancer-attributable costs during the initial phase ranged from $2167 ($1127-$3207) to $5095 ($914-$9277) and those during the continuing phase ranged from $438 (−$355 to $1232) to $2222 (−$2324 to $6768). Mean (95% CI) monthly cancer-attributable costs during the terminal phase for patients receiving best supportive care ranged from $6885 ($4063-$9707) to $11 746 ($9032-$14 460). Cancer-attributable costs were largely unaffected by year and age in the linear regression models, with the exception of stages II and IV patients, where costs increased with year and increasing age during the initial phases and stage IV patients, where costs decreased with year during the continuing and terminal phases.
| DISCUSSION
Our study estimated phase-specific costs for esophageal cancer patients in the SEER-Medicare database by age, year, stage, histology, and treatment groups. Our results show that these costs vary widely within each stage and histology subgroup.
Our cost analysis demonstrated the expected pattern of high costs during the 1-month staging and surgery phases, decreasing over the initial and continuing phases and increasing during the 6-month terminal phase, for patients diagnosed at stages I and II. For stage III and IV patients, mean costs increased from the staging to initial phases. This is possibly due to the high rates of chemoradiation among these patients, which would incur multiple visits over the course of the phase. Costs were highest in the terminal phase; these high costs are consistent with studies that show high rates of aggressive care, such as hospitalizations and intensive care admissions, among cancer patients during the last months of life. [26] [27] [28] [29] Our linear regression models found that cancer-attributable costs remained stable over time for the majority of active treatment subgroups. Such costs were either unaffected by patient age or observed as decreasing with increasing age, except in the case of stage II EAC patients who received all treatments, which showed increasing costs with age in the continuing phase. Mean cancer-attributable costs among stage I and stage II EAC patients during the 6-month initial phase and during the continuing phase were lowest for those who received surgery and highest for those who received chemoradiation. This is to be expected as chemoradiation patients receive their treatment over several months, while surgery patients receive treatment within 1 month. Among ESC patients, those diagnosed with stages I and II and who received chemoradiation had the highest mean cancer-attributable costs in the initial phase. In the initial and continuing phases, chemoradiation was the most common treatment modality for stage III and IV EAC and ESC patients and also had the highest cancer-attributable costs. Mean terminal phase cancer-attributable costs were high in all histology, stage, and treatment subgroups, with the highest among stage IV ESC patients.
However, among stage I and II ESC patients, mean cancer-attributable costs in the continuing phase were higher for patients who received surgery, at $2011 and $2140, respectively, than patients who received chemoradiation, at $1670 and $1873, respectively. Also, these patients continuing phase cancer-attributable costs were much higher than those of stage I and II EAC patients, which were $443 and $769, respectively. In addition, mean total costs in the surgery phase for ESC patients were generally higher than EAC patients, ranging from $59 494-$84 538 for ESC stages I-III vs $54 854-$70 280 for EAC stages I-III. These differences are possibly due to the higher rates of postoperative complication rates found in ESC patients, including pulmonary complications requiring longer hospital stays. [30] [31] [32] These complications could potentially last over several months. Esophageal cancer is often diagnosed at an advanced stage, where curative treatment is no longer an option. 5 As a result, targeted screening programs have become an increasingly important topic of discussion among researchers and policy makers. 33 | TRAMONTANO eT Al treatment options available. In addition, newer treatment modalities are being developed, such as MIE, which will provide patients with alternatives to open esophagectomy. 9, 10 As a result, the rates at which patients choose specific treatments will likely shift, causing changes in resource utilization, such as a potential reduction in hospitalizations for the postoperative complications associated with invasive surgery. 34 A detailed understanding of recent costs associated with esophageal cancer treatment, based on studies such as ours, is necessary for researchers who hope to predict future cancer care costs. While phase-specific costs have been published for several cancer sites, we found a lack of cost estimates with this level of detail for esophageal cancer in the US 21, 35 One phase-specific cost study by Kaye (2018) included esophageal cancer as one of 10 different cancers. 15 The Kaye study estimated a mean annual total cost of $20 433 (mean $1703/month) for the initial phase and $18 760 (mean $1563/month) for the terminal phase. Our cost estimates for the initial and terminal phases appear higher, with mean monthly total costs ranging from $6240-$9263 for the initial phase and $15 004-$18 280 for the terminal phase. This difference can likely be attributed to the phase definitions employed by the Kaye study, which set the initial and terminal phase lengths to 12 months for all cancer sites. We defined the lengths of both phases as 6 months and believe these shorter lengths allow us to more accurately estimate costs of these two distinct phases, including the high costs seen during a patient's last months of life. In addition, our study allocates costs of the month starting at diagnosis to a separate staging phase, for non-cancer patients, and costs of the month starting on the date of surgery to a surgery phase. In the Kaye study, these costs are part of the initial phase. Our study's strength is that it provides detailed cost estimates for esophageal cancer at the histology, stage, and treatment level. There were, however, several limitations. We used SEER-Medicare data, which are limited to patients aged 65 or older who were diagnosed in specific geographic areas; this patient base may not be generalizable to the entire US population. Although one could extrapolate results for younger esophageal cancer patients from our linear regression models, such an approach has not been validated for a younger population. In addition, the majority, or 60%, of esophageal cancer patients are diagnosed at ages over 65. 4 Moreover, we were unable to determine how much of the patient liability costs were paid by Medigap coverage versus out-of-pocket by the patient. Furthermore, since we do not have claims information for patients who received their care through an HMO, our cost estimates may not be applicable to such patients. Lastly, it is possible that some costs were misclassified based on our phase of care definitions. In conclusion, our detailed cost estimate analysis demonstrates that the economic burden of esophageal cancer is significant across all stage and histology subgroups. As treatment regimens continue to rapidly evolve, these up-to-date cost estimates can serve as an important baseline for healthcare systems and cancer control policy leaders to guide resource allocation in the present and future.
